believe it is unlikely that a blood vessel would be entered during epiduroscopy.
MALIGNANT hyperthermia (MH) is a dominantly inherited pharmacogenetic disorder of skeletal muscle that predisposes individuals to a potentially fatal reaction (a fulminant episode) on exposure to volatile anesthetics and/or succinylcholine. 1 Fulminant MH episodes apparently result from a rapid, sustained increase in myoplasmic calcium (Ca 2ϩ ). Molecular genetic analysis has identified mutations in the ryanodine receptor type 1 gene (RYR1) that codes for the Ca 2ϩ release channel in muscle sarcoplasmic reticulum in many MH-susceptible people. Mutations in RYR1 are the most frequent genetic abnormality that has been associated with MH. However, the MH syndrome is known to be heterogeneous, and the clinical presentation of MH is highly variable. The hallmarks of a life-threatening MH episode are tachycardia, hypercarbia, acidosis, hyperkalemia, muscle rigidity, hyperthermia, and rhabdomyolysis. 2 Muscle membrane damage leads to release of intracellular muscle constituents such as myoglobin, potassium, creatine kinase (CK), and lactate dehydrogenase into the blood. MH is often described in young patients, but we report a slow-onset intraoperative episode in a geriatric patient without an increase in CK. This episode was confirmed as MH by the finding of two RYR1 mutations known to be causative of this syndrome.
Case Report
A 73-yr-old, 70-kg man with American Society of Anesthesiologists physical status III presented for laparoscopic and open resection of a rectal tumor, colostomy, and lysis of adhesions. His medical history included hypertension, gastroesophageal reflux disease, osteoarthritis, deep vein thrombosis, and pulmonary embolism. The patient reported no serious complications associated with four intravenous general and three spinal anesthetics. He had never received volatile inhalational anesthetic agents. He reported frequent fevers without infection after surgery and annual influenza vaccinations, as well as delayed awakening from general anesthesia and painful muscle spasms after hip replacement.
Medications at time of surgery included diltiazem, lisinopril, metoprolol, famotidine, neomycin, erythromycin, and warfarin stopped 8 days previously and heparin stopped the night before surgery. The patient performed manual farm labor and reported no heat sensitivity, chronic muscle aches, pain, or weakness.
A preoperative family history obtained from the patient did not reveal anesthesia or surgical complications. He had five offspring, all of whom were healthy. Before induction of anesthesia, standard monitors were applied: electrocardiogram (leads II and V5), noninvasive blood pressure cuff, and pulse oximeter. After induction of general anesthesia, capnography (ETCO 2 ), peripheral nerve stimulation, an esophageal temperature probe (T e ), and a Bispectral Index monitor were used. A BAIR Hugger (Arizant Healthcare, Eden Prairie, MN) delivered air at 43°C to the upper body and lower extremities of the patient.
Induction of anesthesia was achieved with 1 mg midazolam (0.014 mg/kg) and 100 mg propofol (1.4 mg/kg). Rocuronium, 50 mg (0.71 mg/kg), was given to facilitate tracheal intubation, accomplished without complication. Anesthesia continued with isoflurane (end-tidal 0.43-1.0 vol%) and intermittent doses of fentanyl, rocuronium, and hydromorphone. The patient's heart rate was controlled with metoprolol. Ventilation parameters included minute ventilation of 5.2 l/min, with tidal volume of 650 ml, respiratory rate of 8 breaths/min, and peak airway pressure of approximately 30 cm H 2 O. Before surgical incision, the patient received ciprofloxacin and metronidazole. Vital signs before incision were as follows: blood pressure, 110/50 mmHg; heart rate, 60 beats/min; transcutaneous oxygen saturation, 98%; T e , 35.3°C; and ETCO 2 , 23 mmHg.
During abdominal closure approximately 5 h after induction of anesthesia, the surgeon noted muscle rigidity while rocuronium prevented response to 2 Hz for 2 s of stimulation of the facial nerve. Vital signs at this time were as follows: blood pressure, 115/45 mmHg; heart rate, 70 beats/min; oxygen saturation, 96%; T e , 36.8°C; and ETCO 2 , 40 mmHg during minute ventilation of 8.5 l/min with tidal volume of 850 ml, respiratory rate of 10 breaths/min, and peak airway pressure of 24 cm H 2 O. Five milligrams ephedrine (0.07 mg/kg) was given to correct mild hypotension. Within 15 min, ETCO 2 increased from 40 to 64 mmHg, causing the carbon dioxide absorbent to change color. This was temporally unrelated to carbon dioxide insufflation of the peritoneal space. There was no increase in peak airway pressure. No crepitus was appreciated. T e increased to 37.1°C, which prompted discontinuation of the 43°C warming blanket. The Foley catheter had drained 400 ml clear urine throughout the case (1.15 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ). The patient was sweating and rigid.
From 5 h 45 min to 6 h 15 min after induction of anesthesia, vital signs increased: T e from 38.1°to 40.0°C, heart rate from 70 to 118 beats/min, and blood pressure from 115/50 to 140/60 mmHg, and ETCO 2 reached a maximum of 85 mmHg. After 6 h 15 min of anesthesia, the diagnosis of MH was considered. Isoflurane was discontinued. Active cooling was initiated. Ventilation was increased to provide minute ventilation of 17.1 l/min with tidal volume of 950 ml, respiratory rate of 18 breaths/min, peak airway pressure of 36 cm H 2 O, and positive end-expiratory pressure of 5 cm H 2 O. This lowered the ETCO 2 to 68 mmHg. Muscle rigidity made positioning of the arm to place an arterial catheter require two people. Subsequent arterial blood gas with a fraction of inspired oxygen of 1.0 revealed mixed acidosis: pHa, 6.99; arterial carbon dioxide tension (PaCO 2 ), 82 mmHg; arterial oxygen tension (PaO 2 ), 222 mmHg; plasma bicarbonate ion concentration (HCO 3 ), 19 mEq/ml; base excess, Ϫ14 mM; K ϩ , 4.6 mEq/l; and lactate, 4.4 mM. Hemoglobin was 11.6 g/dl, hematocrit was 36%, Na ϩ was 142 mEq/l, Ca 2ϩ was 1.21 mM, and glucose was 139 mg/dl. At 6 h 25 min, intravenous boluses of dantrolene were rapidly administered to a total dose of 220 mg (3.14 mg/kg). Then, ETCO 2 decreased to 60 mmHg, T e decreased to 39.0°C, and hypertension improved to a blood pressure of 133/60 mmHg with a heart rate of 110 beats/min. Fifteen minutes later, ETCO 2 decreased to 28 mmHg, and T e decreased to 38.2°C. A second arterial blood gas, 6 h 45 min after induction of anesthesia, after dantrolene treatment, showed the following: pHa, 7.31; PaCO 2 , 30 mmHg; PaO 2 , 370 mmHg; HCO 3 After 7 h of anesthetic management, the patient was transferred to the intensive care unit (ICU), where he received sedation and mechanical ventilation. His ETCO 2 had decreased to 28 mmHg, and T e was 37.5°C. Oxygen saturation was 100% while he breathed 100% oxygen. Heart rate was 85-90 beats/min, and blood pressure was 140/60 mmHg. The patient had received 250 g fentanyl (3.57 g/kg), 120 mg rocuronium (1.71 mg/kg), 0.4 mg hydromorphone (5.7 g/kg), 220 mg dantrolene (3.14 mg/kg), 400 mg propofol (5.71 mg/kg), and 4 mg metoprolol (0.06 mg/kg) throughout the entire anesthetic. He received 5.7 l normal saline and produced 510 ml (1.04 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ) clear urine with 200 ml estimated blood loss.
The Clinical Grading Scale 2 was developed to define an MH episode for the purpose of defining the positive diagnostic response of the caffeine-halothane contracture test. The Clinical Grading Scale score for this case is greater than 50 points: 15 for generalized muscle rigidity (process I), 0 for muscle breakdown (process II), 15 for ETCO 2 greater than 55 mmHg despite appropriate ventilation (process III), 15 for anesthesiologist's judgment of inappropriately rapid increase in T e (process IV), 3 for sinus tachycardia (process V), and 5 for rapid reversal of MH signs after dantrolene administration. There were also other indicators of MH, base excess more negative than Ϫ8 mEq/l and pHa less than 7.25. The Clinical Grading Scale defines this case as almost certain to be an episode of MH.
The patient received dantrolene, 1 mg/kg every 6 h, for 2 days postoperatively and ventilatory support for 7 days in the ICU. His maximum CK was 568 U/l (reference range, 0 -200 U/l) 24 h after induction of anesthesia and decreased to 192 U/l on postoperative day 7 (table 1). Serum creatinine was 0.9 mg/dl on postoperative day 12. After experiencing lethargy and muscle weakness for 5 days after tracheal extubation, the patient's strength increased, and he was discharged from the ICU to the hospital floor. He was then discharged home without complication.
During the patient's ICU course, his daughter stated that more than 20 yr ago she had experienced abnormal movement and stiffness after succinylcholine. She was told at that time that the event was a lifethreatening MH episode, and had worn a medic-alert bracelet but never underwent further testing of MH susceptibility. The family did not report a family history of MH susceptibility preoperatively.
This patient, his wife, and their daughter chose to donate blood for examination of the RYR1 gene. Venous blood samples were collected, under an institutional review board approved research protocol, and sent to the Malignant Hyperthermia Diagnostic Laboratory at the Uniformed Services University of the Health Sciences (Bethesda, Maryland). Polymerase chain reaction focused on 17 known mutations causative of MH within RYR1. 3 Nucleotide sequencing determined that the patient had two known, previously characterized, causative mutations: Arg614Cys 4,5 in exon 17 and Gly2434Arg 6 -8 in exon 45, compound heterozygous status. Only the Arg614Cys mutation was present in his daughter. His wife had no variations within the portions of her RYR1 gene examined. All of their offspring must be considered MH susceptible because it is likely that each has one of their compound heterozygote father's RYR1 variants.
Discussion
The most novel aspect of this case is the use of genetic examination of RYR1 to confirm MH susceptibility in a family after an MH event. This is in contrast to the diagnostic pathways approved by the European and the North American Malignant Hyperthermia Groups, which recommend that muscle contracture testing be performed before genetic screening of RYR1. 9, 10 This recommendation is based on the fact that a large proportion of patients suspected of having experienced MH will have normal muscle when contracture testing is performed. 11 Until recently, muscle biopsy and contracture testing was the only method available for confirmation of MH-susceptible status, and it remains the only method available to confirm MH-negative status. The high Clinical Grading Scale score of the anesthetic event in this individual with a positive family history strongly supported the tentative diagnosis of MH. RYR1 screening 3 in such cases may secure the diagnosis of MH susceptibility without muscle contracture testing for many members of a family. The compound heterozygous RYR1 status of the proband and the single RYR1 variant in one offspring implies that the parent has RYR1 mutations on each chromosome 19. Therefore, it is likely that each of his offspring will have one or the other of these MHcausative mutations. This is the first report of an individual with a compound heterozygous RYR1 mutation in North America. However, three RYR1 compound heterozygous individuals in two unrelated MH-susceptible European families were described previously. 12 In North Americans, these two mutations are the most frequent within the three RYR1 hot spots. 3 Similarly, Arg614Cys was found in approximately 9% and Gly2434Arg was found in 7% of German MH-susceptible individuals. 8 Gly2434Arg was also found in 18% of British MH-susceptible individuals. 13 This case demonstrates that a medically significant MH event can occur in an individual with these two mutations. This clinical observation is consistent with the laboratory demonstrations that both of these mutations increase the sensitivity of the RYR1 to agonists and thus increase calcium release from the sarcoplasmic reticulum. 4, 5, 14, 15 The other noteworthy aspects of this case are those illustrating the variable clinical presentations of MH. It may be expected that marked elevation of CK will occur in severe MH episodes. The patient had both respiratory and lactic acidosis and marked muscle rigidity. Rapid increase in core temperature with progressive respiratory and metabolic acidosis have been signs of fatal MH. But his maximum CK postoperatively was less than three times normal. MH without a dramatic increase in CK may be unexpected, but has been observed previously in a patient with delayed onset of MH symptoms and confirmation of the MH diagnosis by the caffeine-halothane contracture test months later. 16 The range of CK after an MH episode in people with caffeine-halothane contracture test results diagnostic of MH overlaps with that of MH-negative patients. 17 Last, he did not develop hyperkalemia, a complication reported during administration of dantrolene in the presence of concomitant metoprolol and diltiazem. 18 There are several potential explanations why an increase in CK was not observed in this patient. Damage to muscle tissue or changes in muscle membrane permeability are commonly accepted mechanisms for CK release after anesthetic-induced muscle injury or after exercise. Changes in neuromuscular function in the elderly may make them less susceptible to muscle damage during MH. This patient was older than 70 yr. In the elderly, motor units are replaced by adipose tissue. There is denervation of muscle fibers, altered excitation-contraction coupling, and remodeling of motor units. Weisleder et al. 19 described aged mouse muscle as having a decreased calcium mobilization which may protect against calcium-induced injury. Aged skeletal muscle has blunted calcium sparking activity after a stress challenge. 19 This is in contrast to the muscle fiber models of Duchenne muscular dystrophy, which have prolonged/ irreversible sparking leading to cell death. 20 Furthermore, the sarcoplasmic reticulum of aged muscle contains less calcium, has reduced RYR1 sensitivity to calcium-induced calcium release, and a decreased dihydropyridine receptor-to-ryanodine receptor ratio. 19 Perhaps greater CK elevation did not occur in this patient because the rapid reversal of increased intracellular calcium and muscle metabolism by dantrolene precluded injury to the muscle cells. However, severe muscle rigidity, such as noted in this case, may impair perfusion and delivery of dantrolene to muscle.
It is of interest that this indolent MH episode was not recognized until 6 h after induction of anesthesia. In studies using MH-susceptible swine, the onset of MH was delayed when thiopental or pancuronium was concurrently administered during inhalation anesthesia. 21 Intravenous sedatives and a nondepolarizing neuromuscular blocker had been administered to this man. In humans, MH episodes have occurred after hours of exposure to isoflurane, 16 sevoflurane, 22 or desflurane. [23] [24] [25] For example, Karan et al. 16 presented a case in which signs of MH did not develop until 6 h after administration of succinylcholine and isoflurane. The modifying factors responsible for delayed presentation of MH are not completely described. But age, for the reasons noted above, may be a factor. In addition, the diagnosis may have also been delayed because the patient was receiving metoprolol. ␤-Receptor blockade could have masked the patient's sympathetic response to this MH episode.
Malignant hyperthermia is more often described in the young than in the geriatric population. The current case serves as a reminder that it is just as important to obtain a detailed personal and family anesthetic history when interviewing geriatric patients as it is for younger patients before anesthesia. Thermoregulation is impaired in the elderly. There is also decreased expression of heat shock proteins at this age. 26 Therefore, the elderly may have greater risk of serious injury or death during an MH episode than would a young adult. This case is noteworthy for the extended ICU stay of this patient in the absence of rhabdomyolysis, renal failure, or coagulopathy as well as for its delayed onset.
